The voltage loss, determined by the difference between the optical gap ( ) and the open-circuit voltage (VOC), is one of the most important parameters determining the performance of organic solar cells (OSCs). However, the variety of different methods used to determine g makes it hard to fairly compare voltages losses among different material systems. In this paper, we discuss and compare various g determination methods and show how they affect the detailed calculation of the voltage losses, as well as predictions of the maximum achievable power conversion efficiency.
Introduction
The performance of organic solar cells (OSCs) has been steadily increasing over the past decades. [1] [2] [3] [4] [5] [6] [7] [8] Efficient exciton dissociation and free charge carrier generation in OSCs is realized by utilizing heterojunctions formed by blending electron donor and electron acceptor materials. [9] [10] [11] Great efforts have been dedicated to materials engineering and device optimization. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] As a consequence, photon absorption and conversion into electrical current have been improved remarkably, leading to the power conversion efficiencies (PCEs) approaching ~14% in single junction OSCs, with high external quantum efficiencies (EQE ~70-80%) and fill factors (reaching ~70-75%). [23] [24] [25] [26] [27] In particular, a whole range of non-fullerene acceptor molecules, such as 3,9-bis(2- efficiencies. [24, [28] [29] [30] [31] [32] [33] [34] In order to identify and compare progress in open-circuit voltage (VOC) improvement, a direct comparison of the VOC values is insufficient. Indeed, VOC varies strongly with the energy of the charge-transfer state which is limited by the absorption onset of the donor and acceptor molecules. [35] [36] [37] [38] [39] [40] [41] [42] Thus, the open-circuit voltage has to be considered with respect to a meaningful reference value, agreed upon by the community. The absorptance (blue curves) and emission (red curves with pink shadow) of a) SQ type devices and b) real-word OSC devices. In contrast to the absorptance of SQ type devices, the absorptance of real-word OSCs is not a step-function. Instead, the absorptance is smeared out with weakly absorbing subgap features being due to absorption of the charge-transfer state. These weakly absorbing features often dominate emission (red). Here, we note that, in some novel material systems, the absorptance and emission of charge transfer states disappear, leading to significantly reduced voltage losses. c) Jablonski diagram of the active layer in OSCs. d) Diagram showing the energy of S1, S0 and CT1 as a function of the configuration coordinate.
Shockley-Queisser (SQ) theory and its variations for realistic absorptance spectra have proven useful to obtain insights in the physical nature of voltage losses. [43] [44] In the SQ limit, the only free parameters are the band gap and the temperature of the solar cell. The absorptance spectrum is simplified as a step-function as shown in Figure 1a with the band gap g as the threshold energy for the step. The emission spectrum equals the black body spectrum multiplied by this step function.
The maximum VOC in the SQ limit is reduced by ∆ 1 with respect to g / due to unavoidable radiative recombination losses. A non-ideal absorption spectrum, for example due to a non-abrupt absorption onset and the presence of sub-gap charge transfer states (Figure 1c, d) , reduces voltage losses further by ∆ 2 (Figure 1b) . In addition to these radiative losses, which are purely determined by the shape and spectral position of the absorption onset, non-radiative recombination reduces the open-circuit voltage further (∆ 3 ). [45] [46] [47] [48] While a step-function always has a well-defined threshold energy, it is not trivial to assign a single value to characterize the onset of a measured absorptance. Indeed, the onset value varies depending on the definition and the method of obtaining it. In addition to relating the measured VOC to its thermodynamic limit, it is common in the literature to relate VOC directly to the optical gap. The voltage loss (∆ OC ) is then determined by the difference between the g / and the VOC, (using various definitions of the gap as depicted in Figure 2 ). To date, a large number of papers related to "low" voltage losses have been published, in which voltage losses in the range of ~0.47 to 0.6 V were reported. [33, 44, [49] [50] [51] [52] [53] [54] [55] It should be noted that in these papers, the optical gaps of the devices were extracted in different ways, making direct comparisons tedious or impossible. Figure 2 . Different g determination methods. The step-functions (blue dash curves) are used as references for the absorptance or EQE (solid black curves) of real-word OSCs. a) g is determined from the absorptance or EQE onset, denoted as g onset . b) g is determined at the intersection between absorptance (solid blue curve) and emission (solid red curve), denoted as g inter. . c) g is determined by the crossing point of extrapolated line of the EQE edge and horizontal tangent of the local peak, denoted as g edge . d) g is determined from the derivatives of the EQE curve, and a mean peak energy is calculated by the Equation 7, denoted as g PV .
There are two strict definitions of "band gap" in the context of photovoltaics. The (i) purely mathematical definition of band gap as a threshold energy of a step-function in the ShockleyQueisser limit and (ii) the gap in the density of states of a perfectly periodic crystal. In a perfectly periodic crystal, the minimum energy to remove one valence electron from a bond and create a free electron is a constant. Any electronic states that still exist in the gap originate from interruptions of this perfect periodicity. Thus, any disordered amorphous or nano-crystalline semiconductor will still have an energetic region with an extremely low density of electronic states but there will be no perfect gap and therefore no strict definition of "band gap" would apply. [57] Any research community working on a photovoltaic technology based on disordered semiconductor absorbers would therefore have to develop practical definitions of "band gap" that serve the same purposes as the strict definition in a monocrystalline semiconductor. Typically, these definitions are either motivated via the optical absorption (optical gap) [58] [59] or the recombination and transport of charge carriers (i.e., the mobility gap). [57, [60] [61] Nowadays, various definitions have been proposed to identify the optical gaps, while no consensus has been reached yet for a standard definition. These definitions differ in how easy they may be applied to experimental data, how reproducible the analysis is and how to interpret the resulting voltage losses. Thus, it is important to consider which definition is ideal for a certain purpose and how a different choice of optical gap definition affects the interpretation of data.
In this study, we discuss how previously reported definitions for g affect each part of the voltage loss quantification, as well as their strengths and weaknesses. We plot the peak EQE values (EQEmax) versus ∆ OC for over thirty fullerene-and non-fullerene-containing material systems using the definitions that have been proposed in the literature. Regardless of the definition of g , we find that EQEmax is independent of ∆ OC for both fullerene and non-fullerene acceptors, in contrast to the previous assumption that increasing ∆ OC is beneficial to enhance the EQEmax. [62] However, the absolute voltage losses as well as predictions for efficiency upper limits are strongly affected by the method of g determination. To date, no OSCs with a voltage loss for strongly absorbed photons significantly lower than 0.6 V has been reported. This leads to a prediction of a realistic efficiency upper limit of ~ 18 % for single-junction cells.
Different values affecting the voltage loss quantification
Different g determination methods essentially assign differing references for comparing the VOC. As shown in Figure 1a , b, the voltage losses can be categorized into three contributions based on the SQ limit: [44] 
where Eg is the gap of the material with lower gap in the blend, no matter whether it is a donor or an acceptor material. OC SQ in the equation is the maximum voltage based on the Shockley-Queisser limit, where the EQE is assumed to be a step-function, i.e., 1 above the gap and 0 below the gap (Figure 1a ). In the SQ limit, OC SQ follows [44] OC SQ = ln (
) .
OC rad is the voltage where the radiative recombination in the device is the sole loss mechanism but where the solar cell quantum efficiency is arbitrarily shaped (Figure 1b) , and follows from [44] OC rad = ln (
Here, k is Boltzmann's constant, T is the temperature of the solar cell (T = 300 K is used in this paper), q is elementary charge and ∅ BB ( ) is the black body spectrum at the temperature T of the solar cell.
In Equation 2, the OC SQ is only determined by g assuming a given illumination spectrum and temperature. In contrast, in Equation 3, OC rad is determined independently of any definition of g , and it is a constant for a given EQE spectrum. Thus, different g definitions affect the determination of ∆ 1 and ∆ 2 , but not that of ∆ 3 (refer to Equation 1). We further proceed to understand how different definitions for the optical gap affect the quantification of ∆ 1 and ∆ 2 . ∆ 1 results from unavoidable radiative recombination, and it normally ranges from ~0.2 to ~0.3 eV, depending on the g . Figure 3a presents plots of OC SQ and curves is small, their difference ∆ 1 is small when different g definitions are used, as shown in the bottom line of Figure 3a . The variation of ∆ 2 is equal to the variation of OC SQ (Figure 3b) . In other words, different g definitions mainly affect the value of ∆ 2 .
As shown in Figure 1a , b and Figure 3b , ∆ 2 is the difference between OC SQ and OC rad , which results from the non-stepfunction like absorptance or EQE of the real-world devices. The ∆ 2 can be further categorized into two contributions: [63] 
The first loss term, ∆ 2 SC , is due to the difference between the real-world short-circuit current density ( SC ) and the ideal one in the SQ limit ( SC SQ ), and the contribution from ∆ 2 SC to the total voltage losses is small for most solar cells. The second loss term, ∆ 2 0 , is due to the shift of the luminescent emission with respect to a determined g (Figure 1a , b), leading to a 0 rad that can be orders of magnitude larger that 0 SQ . [63] Thus the ∆ 2 is mostly affected by ∆ 2 0 .
As reported, ∆ 2 0 in OSCs particularly exhibits much larger values than that in other solar cell technologies, because of the existence of the strongly red-shifted charge transfer (CT) states. [63] Nowadays, non-fullerene acceptors (mainly small molecules) are developing quickly; in particular, highly efficient charge generation is still available when the driving force is reduced to nearly ~0 eV. [64] This suggests that a negligibly small energy difference between the CT states and the singlet states can be sufficient for charge separation, although it does not yet explain how to achieve efficient charge separation for low offsets. [44, [54] [55] In these cases, no red-shifted CT absorption tail and electroluminescence can be observed, resulting in the significantly reduced ∆ 2 0 and leading
to reduced total open-circuit voltage losses ∆ OC . [44, 55] In order to accurately evaluate ∆ 2 (and ∆ 2 0 ), reproducible and consensus determination methods of g are required. In the following sections, we will briefly introduce several g determination methods, which have been frequently employed in the literature.
Extracting the by the onset of the absorption (or EQE) spectrum
The most commonly used method of determining the optical gap for voltage loss calculations is to take g as depicted in Figure 2a , by the intersection of the linear fitting curve of the absorption spectrum and the abscissa axis (or the tangent of absorption tail). [31-32, 34, 65] This approach is subjective and results are not well reproducible, especially when there is no strict linear region in the absorption edge or when the light scattering is very significant for the absorption tail, which is often the case for spin-coated organic films. [66] Furthermore, a physical base for this method is absent. [56] Note that the absorptance onset of the material with the smallest g can be significantly shifted after blending with other materials. For example, Ran et al. [65] reported a case, where the absorption edge of blend film demonstrates a red shift as large as ~70 meV, compared with that of the neat film (Figure 4) . They attributed the red-shifted absorptance edge to the changes in structure and/or the surrounding environment of the polymer in the blend film. Therefore, in the cases where morphology effects induce obvious g variations, it is necessary to employ the spectra of blend films rather than that of neat films to determine g . Table 1 . (Figure 1b) , and it is mainly caused by the radiative recombination loss below g (∆ 2 0 ). The negative value of ∆ 2 suggests that the definition of g from the absorption onset is not helpful at all in the context of a voltage loss analysis as introduced in section 2. However, recent papers claiming to obtain small voltage losses, mostly determined the g from the onset of the absorption spectrum, underestimating the g leading to a smaller calculated voltage losses. [54] 
Extracting by the intersection between the normalized absorption and emission spectra of the organic material in the solid film
The estimation of g by the onset of the absorption spectrum is rather arbitrary and ill-defined.
An alternative and more well-defined estimation of g uses the intersection of the normalized absorption and emission spectra (Figure 2b) . [54, 56, [66] [67] 
where abs and fl are the relaxed energies in the absorption and emission processes, respectively. max,abs is the energy at maximum absorption, and max,fl is the energy at maximum emission.
0−0 is the energy from the initial ground state to the lowest singlet excited state, which is defined as the optical gap of the material.
When the absorption and emission spectra in their overlap area are approximately symmetric (valid for most organic semiconductors), 0−0 can be determined as the energy at the intersection of the normalized absorptance and emission spectra. Determining at the intersection of absorption and emission is physically motivated and well reproducible. A similar method is used to define the optical gap of charge transfer states (or the CT state energy ECT) by the absorptance and emission of charge transfer states in OSCs. [37, 54, 56] Similar to the first g definition method, we need to use the absorptance and emission spectra of blend films in the case where the absorption onset is shifted in the blend films. We summarize the g values of commonly used OSC materials, obtained from the intersection of absorption and PL spectra of films, in Table 2.   Table 2 .
values extracted from the normalized absorption and PL spectra of neat films of a range of organic semiconductors. The chemical structures of the materials are given in the Ref. PTB7-Th 1.67 [68] IDTIDSe-IC 1.65 [69] PBDB-T 1.88 [30] IT-M 1.67 [31] PDPP3T 1.41 [70] IEICO 1.45 [32] TQ1 1.81 [71] O-IDTBR 1.71 [72] PffBT4T-2DT 1.71 [55] IEICO-4F 1.36 [73] P3TEA 1.72 [44] IEICO4Cl 1.33
Extracting the from the EQE spectrum of the device
Some recent reports also proposed to determine the g from the EQE spectrum. [54, 56] Determining g from the EQE spectrum has its own advantages, such as being easily accessible and excluding influences of morphological effects. In contrast to absorption and emission of films, the EQE spectrum is not only correlated to the internal properties of absorbing materials, but also dependent on the device structure (the thickness of the active layer, the optical properties of interlayers and electrodes) because interference effects can slightly change the shape of EQE spectrum. [54] Hence, the EQE spectrum represents an external property of a complete solar cell. In the following part, we will introduce two g determination methods based on the EQE spectrum.
A recent method proposed by Vandewal et al. for evaluating the voltage losses is to use the crossing point of the extrapolated line of the EQE edge and the horizontal tangent of the EQE peak, denoted as g edge . [54, 56] In the SQ model, where EQE is a step-function, the g edge would coincide with g . In the real-world PV devices, where the EQE spectrum is not a step-function, the edge metric takes into account the abruptness of the EQE edge. For the voltage loss calculation, this method reflects that fact that very good photovoltaic devices should have sharp absorption edges, where g edge is close to the absorption onset as defined in Figure 2a . Figure 2c illustrates this definition of g edge as determined from an EQE spectrum.
Based on the idea that any experimental absorptance or EQE can be interpreted as a superposition of a distribution of SQ-type step-functions with different band gap energies, Rau et al. proposed a photovoltaic band-gap energy ( g PV ), which can be obtained from the EQE edge directly. [63, 77] In the SQ model, the absorption or EQE spectrum as a function of photon energy is an ideal step-function (Figure 1a) , which cannot exist in real-world OSCs (Figure 1b) . If we interpret the EQE as consisting of a distribution of step-functions with a step at g SQ having a certain probability distribution ( g SQ ), we find that this probability distribution can be obtained from the derivative dEQE/dE. There are different ways of how to assign a "band gap" to the distribution P(E) = dEQE/dE. One option is to use [63] 
Here, the integral boundaries a and b are selected where ( ) = ( ) = 0.5max [ � g �] (Figure 2d) . The selection of integral boundaries serves to exclude the influence of noisy data and negative value of � g �, and is not physically motivated. [63] While the factor 0.5 in the in the choice of a and b is fairly arbitrary, slightly different choices would not strongly affect the result except for very noisy data. The determination of g from EQE spectra is relatively easy to implement as well as physically motivated and allows comparison of the ∆ OC of devices in previously reported papers.
Voltage losses and efficiency prediction
In given by interfacial energy gap (divided by q) minus 0.3V. [78] Scharber et al calculated the shortcircuit current density JSC based on a step-function EQE of 65% above g and 0 below g . The model of ref. [78] allows us to predict the efficiency potential from the band gap and the LUMO offset of the materials in a rather simple and empirical way. Subsequently, efficiency predictions similar to Scharber's methods were performed, and the open-circuit voltage losses, rather than LUMO offset, were employed. [55, 79] For a long time, the community believed that the EQEmax is correlated with the voltage losses, especially in fullerene based OSCs, as empirically summarized by Li et al in 2015. [62] The underlying reason for the dependence of EQEmax on ∆ OC was believed to be the driving force for charge separation. A combination of the Scharber approach with the empirical relation between EQEmax and open-circuit voltage loss was used by Baran et al. for efficiency potential estimations. [55, 80] However, the situation has now changed, with a range of new systems demonstrating efficient charge separation in spite of negligible energetic offsets between the donor and acceptor materials, leading to the small ∆ OC . [44, 64, 72, [81] [82] [83] These recent new advances challenge the traditional belief that a sufficiently large energetic offset is required for efficient charge separation. We summarize the EQEmax and ∆ OC values reported in literature, as shown in Table 3 , and plot the EQE max as a function of ∆ OC in Figure 6a -c. The g values are defined from the EQE onset ( g onset ),
derivatives of the EQE ( g PV ), and the crossing point between the extrapolated line of the EQE edge and horizontal tangent of the local peak ( g edge ), respectively. Table 3 . d) The efficiency prediction as a function of optical gap taken from ref. [79] , where the EQE max was assumed to be independent of ∆ OC . The dashed lines indicate the smallest ∆ OC (depending on different g definitions) achieved by the OSC community so far. Part d) reproduced with permission. [79] Copyright 2018, Macmillan Publishers ltd.
As shown in where the EQE is assumed to be a constant (85%), independent of ∆ OC . [79] With a given g , parameters are optimized i.e., ~85% EQE value over a wide wavelength range and ~75% FF.
Conclusion
In summary, we analyzed how each part of the voltage loss calculation is influenced by the variation of g values due to different g determination methods. We introduced different g determination methods for OSCs and discussed their advantages and disadvantages. The g determined from the onset of either absorptance or EQE spectra bears no physical meaning and leads to ill-defined voltage losses. In addition, the g value determined in this way is not relevant for efficiency prediction. The g determined from the crossing point between absorption and emission spectra does have a clear physical meaning, although not all groups report these spectra.
At the same time, we note that this approach could be challenging when g of the single components changes significantly in the donor-acceptor blend due to morphological effects. The concepts of g edge and g PV , which can be directly determined by the EQE spectrum without any additional optical measurements, bridges the SQ limit and real-world photovoltaic devices, providing straightforward and useful definitions. Based on the definitions of g edge or g PV , the voltage losses of state-of-the-art OSCs are not much less than 0.6 V, leading to a prediction of a realistic efficiency upper limit of ~ 18 % for single cells. We will therefore need to further decrease the voltage losses if we want to improve the efficiency of OSCs to the level of high-efficiency inorganic and perovskite solar cells. We hope that this paper helps the OSC community to use the proper g definitions in the future so that we can make the voltage losses comparable.
Different optical gap definitions and how these different definitions affect the quantification of voltage losses are discussed. By combining the voltage losses summarized from the different optical gap definitions and the efficiency potential simulation, it is predicted that an efficiency of ~18% is expectable for organic solar cells in the future. 
